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LONG-TERMFATE OF DEPLF.TEDURANIUMAT ABERDEENAND YUMA PROVINGGROUNDS
FINALREPORT,PHASE I: GEOCHEMICALTRA2JSPORTAND MODELING

by

M. H. Ebinger,E. H. Essington,E. S. Gladney,B. D. Newman,
and C. L. Reynolds

ABSTRACT

The environmentalfate of fragmentsof depleteduranium (DU)
penetratorsin soils and waters at Aberdeen ProvingGround (APG)
and Yuma Proving Ground (YPG) is a concern to the Testing and
Evaluation Command (TECOM) of the U. S. Army. This report
presents the informationfrom preliminarysoil and water samples
that were collectedfrom the humid woodlandsof APG and the arid
Sonoran Desert of YPG. Soil samples collected beneath a
penetrator fragment on the firing range at APG showed
approximately12% DU by weight in the surface horizon and DU
significantlyabovebackgroundto a depth of about 20 cm. Samples
of surfacewater at APG showed U only at backgroundlevels, and
bottom sediments showed background U levels but with isotopic
ratios of NJ instead of natural U. Soil samples beneath a
penetratorfragmentat YPG showed about 0.5% by weight U in the
surfacehorizon, but only backgroundconcentrationsand isotopic
ratios of U between 8 and 20 cm depth. Results from this
preliminary study indicate that DU at APG was redistributed
primarilyby dissolutionand transportwith water and possiblyby
migration of DU colloids or DU attached to small particles.
Redistributionat YPG, however, was mainly due to erosion of DU
fragments from the impact area and redepositionin washes that
drain the area. Proposedwork for FY90-FY92includesadditional
field sampling,laboratorycolumn studies,and the developmentof
a computermodel of DU redistributionat both sites.



1, INTRODUCTION

Depleted uranium

applications,including

testingof DU muniticns

(DU) and DU alloys are used in a variety of

munitions,by all branchesof the military. Extensive

has occurredat severallocationsin the U.S., leading

in some cases to large inventoriesof DU in target areas, soils, and the

immediatesurroundingenvironment. Of fundamentalinterestis how DU can be

transportedout of the munitionsimpact areas and whether transportedlevels

of U couldharm the environmentand/orman.

This report summarizesthe results of a study conductedby Los Alamos

NationalLaboratoryfor the Testingand EvaluationCommand (TECOM)of the U.S.

Army at Aberdeen ~roving Ground (APG) on ChesapeakeBay in Maryland and at

Yuma ProvingGround (YPG) in the Sonoran Desert of Arizona. The purpose of

the study was to collectand compare informationcn the physicalana chemical

relationshipsthat control the distributionand transportof DU in these two

contrastingenvironments. Results of the study will be used to focus future

effort on technical informationneeds that are relevant to site assessment

activitiesat each location.

The strategy for developing this program stems from the regulatory

requirementto characterizecontaminatedsites and to conduct a health risk

assessment based upon the site characterizationdata. Depending on the

outcomeof the site assessment,site remediationmay or may not be required.

A general schematicof the process (Figure1) emphasizesthe importanceof

having good information on the physical, chemical, and biological

relationshipsthat governthe fate of NJ in the environmentand, by extension,

govern the risks and control measures available to limit exposures to

organismsincludingman. Two fundamentalquestionsthat must be answered in

order to completesite characterizationand site assessmentactivitiesare:

● how is the DU distributed in the physical (soil, water) and
biologicalcomponentsof the environment?and

● how is it being transported?

The primary focus of the Los Alamos work at APG and YPG is on ❑easuring

and modeling of DU transport with particular emphasis on hydrologic and

chemicaltransportprocesses.

Colleagues

Nelson and Price

at PacificNorthwestLaboratory(PNL) (Eriksonet al. 1989;

1989; Price 1989; Stoezel et al. 1985) are focusingon the
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distributionof DU in soils,water, and biota at APG. We have agreed to share

data to avoid duplicationof effortand reduceprogramcosts.

Interestin the environmentalfate and effectsof expendedDU munitions

datesback at least 15 years (Hanson1974;Hanson et al. 1974)wher.studieson

the distributionand transportDU began for the U.S. Air Force in the firing

areas at Los Alamos National Laboratory. A variety of studies have been

conductedsince 1974 (Hansonand Micra 1976, 1977, 1978; White et al. 1979,

1980; Elder and Tinkle 1980;Rodgerset al.

Pertinentresultsfrom this earlywork will

II. METHODSAND MATERIALS

A. SamplirwMethods

A limitednumber of soil, water, and

1984, and Scripsicket al. 1985).

be discussedlater in this report.

sedimentsampleswere collectedat

severallocationswithin and outsidepenetratorimpactareas at APG and YPG to

establishhorizontaland vertical relationshipsof DU and natural uranium in

soil and to estimatethe role of surfacewater and sedimentsin accumulating

and/or transportingDU. Informationon samplinglocations is summarizedin

Table 1 and Figures2 and 3.

Soil samples in impact areas were intentionallycollectedfrom beneath

penetratorfragmentsto provideunambiguousdata on the vertical distribution

o: DU. Background soil sampling locations outside the impact areas were

selectedto provide estimatesof natural uranium concentrationsand isotopic

ratios. Verticalsampleswere taken at given depthsby excavatingsmall pits

to expose the soil profiles. Samples were taken from given depths from a

freshly scrapedportion of the wall to minimizepossible cross-contamination

of profile samples. All samples were sieved to remove particles>2 mm and

then air driedbefore analysisfor uranium.

Surfacewater at APG was collectedin 4.5-L containersand sequentially

passed through 0.45-pm and C.05-pm membrane filters. Filtered water was

analyzed for pH, dissolved oxygen (DO), total alkalinity and total

conductivitywithin 24 hours of collection. Subsamplesof the filteredwater

were also analyzedlater for cations,anions,and uranium.

Well water (WellH) was sampled at YPG because permanentsurfacewater

does not exist. The well was pumped until chloride, added as chlorine to

purify the water, was below the detectionlimitsof a field test kit. Sample
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preparationwas analogousto that for water samplesat APG.

Grab samples of bottom sediments from stream and pond water sampling

locationsat APG were air dried, sieved to remove the >2 mm fraction,and

analyzedfor uranium.

The 235U/2381Jratio determinedfrom totalU in a sample gives information

on the source of U in the sample. U from natl]ralsources (U02,etc.) has a

zosu,/ZoBUratio of 0.0075 (fO.00075)whereas U from DU penetrators has a
235u/23bu of 0.0020 (20.00020). Since these ratios are significantly

different,the source of U in a sample from APG or YPG can be identified.

Results presentedbelow show that both natural U and U from DU penetrators

were found at APG and YPG, depending on whether the sample was from a

backgroundlocationor From a penetratorimpact location. In addition, the

‘20su/ZoaUcan confirm or refute the selectionOf a sample as a representative

backgroundsample. This ratio is a sensitivetool for the determinationof

the sourceof U in a sample.

B. AnalyticalMethods

The pH of water samples was measured with an Orion pH meter using

standardglass and/or combinationelectrodescalibratedagainstbuffers of pH

4.0 and pH 9.0. Dissolvedoxygen was measuredwith a YSI Model 57 DO meter

and correctedfor the altitudeof the analyticallocation. Total alkalinity

was determined by titration (Hem 1989; Rhoades 1982), and electrical

conductivitywas measuredwith a digitalconductivitymeter calibratedagainst

0.01 N KC1 (Rhoades1982). Each analysiswas completedwithin 24 hours of

samplingto minimizechemicalchangeafter sampling.

Severalanalyticalmethodswere used to measure the chemicalparameters

reportedin this study. Anionic species (F-,Cl-, N as N03-,S062-,and P as

P043-)were determinedvia ion chromatography. Caticn species (Ca2+,Na+, K+,

Mg2+, Fe2+, Si4+) were measured using inductively coupled plasma atomic

emissionspectrometry(Gautierand Gladney 1986). Total uranium in soil and

sediment samples was determined using delayed neutron assay (Perrin and

Gladney 1982; Conrad et al. 1982), and depleted uranium was measured by

instrumentalepithermal neutron activation analysis (Gladney et al. 1978;

Gladney et al. 1979; Gladney et al. 1980). Uranium isotope ratios were

measured using inductively coupled plasma mass spectrometry on uranium

separatedfrom the samples of interest (Gladneyet al. 1989; Gladney et al.
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1983). Qualityassurancewas providedon all analysesby the concurrentanal-

ysis of certifiedreferencematerialsusing the acceptancecriteriadocumented

by Gautieret al. (1988).

III. RESULTSAND DISCUSSION

~ Water SamDles,Filters.and Sediment

1. APG. The resultsof cation,anion,pH, DO, and U analysesfor the

water samplesfrom A?G are given in Table 2, and samplelocationsare shown in

Figure 2. Samples from Mosquito Creek (AW-1) and Romney Creek (AW-2) were

chemicallysimilar except for higher Si at Mosquito Creek and higher Fe at

Romney Creek. SampleAW-3 showed the influenceof mixing the fresh water of

MosquitoCreek and the brackishwater of ChesapeakeBay, in that most cations

and anions were higher than the other water samples from APC, with large

increases in Na-, Cl-, S042-,and higher pH (7.04). The sample from the

swamp/pond(AW-4)exhibitedthe lowestconcentrationsof basic cations (i.e.,
z- that may indicate theCa2+,Mg2+)and an intermediateconcentrationof S04

presenceof HS- or HzS.

Directmeasurementof Eh (i.e.,measurementswith Pt electrode)were not

made because these measurementsare often misleadingand may not reflect the

oxidationpotentialof a given system accurately(Lindbergand Runnels 1984).

Instead,dissolvedoxygen (DO)was measuredwithin 24 h and Eh was calculated

from the concentrationof DO in the watez samples. Eh values calculatedfrom

the DO measured from each water sample indicatedoxidizingconditionsat the

time of samplingand ranged from 700 mV to 900 mV. The Fe2+/Fe3+couple was

also measured in order to calculate a second value of Eh for the water

samples. The results however, were inconclusivebecause sufficientFe2+ to

calculatethe ratio was not detected,possiblydue to the 24-h delay between

samplingand analysis. Resultsof totalorganiccarbon (TCC) analysesshowed

that the MosquitoCreek sample (AW-1)was the lowest of the range for the APG

waters of 7 mg/L to 20 mg/L.

Total U analyseswere conductedon each water sample, but all results

were below the detectionlimit of 1 ppb (1 pg U/L water). Becauseof the low

U concentratim in water, isotopic data

concentrationof U trappedon the 0.45-pmand

that passed throughthe filters)is given in

could not be obtained. The

O.OS-pmfilters (in ng U/L water

Table 3. Figure 4 shows more U
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was trappedon the 0,45-pm filter and that the sites within the firing range

showedthe highestU concentrationsin this fraction. These resultscannotbe

fully interpreted,however,because data on the backgroundconcentrationof U

from the materialretainedby filterswere not collected.

Chemicalequilibriumcalculationssuggestthat the APG water samplesare

saturatedwith respect to the layer silicateskaoliniteand smectite,quartz

and other silicatephases, and iron oxides (e.g., goethite). These results

were expected,because the water was probablyin contactwith the local soils

and the water compositionwas derived from the soils. The presence of the

minerals listed above in soils at APG was qualitativelyverified during the

soil samplingand when the soilswere sievedbefore chemicalanalysis.

The total U concentrationsin sedimentsamples (Table4) from Mosquito

Creek (AD-1 and AD-3) and from the swamp on the firing range (AD-4)were at

backgroundlevels (AD-2). The isotopicratios,however, suggest that U from

DU penetrators was present in Mosquito Creek and firing-range sediment

samples.

‘2. YPG. The resultsof cation,anion, pH, DG, and U analysesfor the

water samplesfrom YPG are given in Table 2. The YPG water samplewas typical

of a Na-Ca-Cl grourtdwaterfrom a deep aquifer in the western United States

(Winogradand Robertson1982)except for high F- concentration. Previousdata

on water samples at YPG also sho~ high F- (P. Saunders, personal

communication), possibly indicatingcontactwith fluoriteor other fluorine-

containingmineralsin the aquifer.

CalculatedEh ranged from 700 to 900 mV due to the DO in the sample.

The Fe2+/Fe3+couple was not measured,so no comparisonof Eh calculatedfrom

two redox coupleswas made. The TOC result (24 mg/L) was surprisinglyhigher

than the TOC at APG. We can not.explain this apparentanomaly at this time

except that analyticalinaccuracyis probable. Total U and U isotope data

were not obtained from this sample because total U was below the detection

limit. Total U trapped on the 0.45-pm and O.OS-#m filters was low and

probably reflects background U concentrations,but data on background

concentrationswere not collectedfor these size fractions.

B. Soil Sanmles

1. APG, Soilsunaffectedby anthropogenicsourcessuch as additionsof

U from DU shouldreflectthe averageabundanceof U in the earth’scrust of 2-
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4 ppm and 235U/23BUratio of 0.0075. Total U concentrations in the

“background”sample (AS-1,Table 4) were near backgroundat levelsof 2-4 ppm.

Isotoperatiossuggest,however,thathorizonAS-1A (O-5cm) and horizonAS-lC

(15-23cm) containedsome U from a DU penetrator,whereasU fromhorizonAS-lB

was characteristicof natural U. These results require us to choose a

different “background”site and resample in order to estimate backgroundU

levelsin APG soils.

Soil samples from locationsAS-2 and AS-3 (Figure2) containedas much

as 4% and 12% totalU by weight,respectively,due to theirclose proximityto

penetratorfragments. Recall that a DU penetratorfragmentwas found on top

of the soil profilesampledat locational-3 (Table1). Total U concentration

in the O-5 cm (AS-3A)horizonwas 115,000ppm and decreasedexponentiallyto

about 30 ppm in the 15-20 cm (AS-3B)horizon in the AS-3 profile (Figure5).

Thus, while soils attenuateda large portion of the U that was removed from

the penetrator,there was some transportthrough the soil column. Note that

the isotopicratiosof U in AS-3 carriedthe DU signature(Table4). Total U

concentrationswere lower at locationAS-2, and also reflectedthe isotopic

ratio of DU. Depth sampling at location AS-2 was not done because the

penetrator fragment was buried vertically in the soil, potentially

contaminatingseveralhorizons.

2. YPG, Concmtrations of U and isotopicratios for samplescollected

at YPG (Figure3) are given in Table 5. Sampleswere collectedfrom distinct

soil horizonsidentifiedafter a shallowpit was dug in the soils of interest.

The profile samples collected at location YS-1 were representative of

background(2-4 ppm U) based on the total U and isotoperatios. Samples at

locationYS-2 were collectedin the dry stream channel adjacentto the “hill

and belm” impact area to determine whether transport of U by erosion had

occurred. Concentrationsof uraniumin the two profilesamplesaveragedfrom

5-10 times background and did not decrease sharply with depth, possibly

reflecting the turbulent ❑ixing of sediments that occurs during rainfall

runoffevents in ephemeralstreamsin the Southwest.

The profile at location YS-3 was in an upland area covered by a

relativelystable surface featureof cobbles and gravel also known as desert

pavement. The sample was taken from beneath an obvious yellow stain at the

surfaceof the desert pavement. The yellow materialwas later identifiedby

x-ray diffractionas schoepite(U02(OH)2”i120).ElevatedU concentrationsfrom

7



DU were found in the O-1 cm (YS-3A)horizonand 1-8 cm (US-3B)horizon of the

profile. The lowest horizon sampled (8-20 cm), however, showed only

backgroundU concentrationand only naturalU isotopicratios (Figure6).

IV. RESULTSOF MODEL CALCULATIONS

A. ChemicalEquilibriumModel

Equilibriumcalculationswere made with the EQ3/6 code (Wolery1983) to

illustrate the relationshipsbetween dissolution of DU and formation of

solubleand insolublespeciesas a functionof the compositionof the water.

The reaction progress variable,<, in Figures 7-9, is the logarithmof the

number of moles of DU that dissolved; the reaction is complete and the

calculationends when all DU has dissolved.

In an idealsystemcontainingpure water, DU dissolvesslowly (Figure7)

becausethere are no solublespecies (i.e.,speciesof Si or Al) availableto

form complexeswith U. Precipitationof schoepitebegins early,but the rate

of precipitationis slow because there are no competing reactions in the

system. In contrast,calculationswith APG and YPG water compositionsshow

increased rates of DU dissolution,increased rates of insoluble schoepite

formation,and later formationof schoepitebecausesignificantconcentrations

of solublespeciesare found in thesewaters. The solublespeciespresent in

water at APG or \-PGsequesterU and other constituents,resultingin faster

dissolutionof DU and differentprecipitationmechanismsthan in pure water.

Calculationswere made with water compositiondata of pure water and natural

water from APG and YPG to test the methodsof the calculationsand to contrast

the rates of the DU dissolutionreactionsin water of differentcompositions

for later laboratorystudies.

Schoepite,identifiedin samplesfrom YPG, was the least solublemineral

under the conditionsof the calculations(high Eh). Formationof other U-

containingprecipitates(i.e., U308, U02) is possible,but these solids are

unstableand were omitted from Figures 7-9 for clarity. The dissolutionof

the layer silicate, kaolinite, and precipitationof gibbsite (A1(OH)S)in

Figures8 and 9 illustratethat other mineralsreact in the same manner as DU

and schoepite when water compositionsfrom APG and YPG are used in the

calculations. Th”:, dissolution and precipitationof uranium in natural

surfaceand groundwatercan be complex.
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The calculationsand evidencefrom the field suggestthat the alteration

of DU penetratorsto soluble U occurs, but formationof several secondary

mineralsis possible. In environmentsof high oxidationpotential(high Eh),

schoepiteis one of the favoredsecor,daryminerals. Formationof schoepiteas

DU dissolvesfrom a penetratorlimits the total concentrationof U to about

10-5M. Thus, most of the U fronia penetratorremains in a solid phase while

some is availablefor transport, SolubleU could be transportedby solution

through soil or water, but will be retardedby interactionwith the medium

through which it moves. Adsorption of U species onto iron and manganese

oxides and layer silicates (clays), complexationof U by organicmatter,

uptake by plant roots, and precipitationof additionalsecondaryphases may

retard the transportof U and decreasethe totalU in solutioneven further.

Eventually?totalU in solutionmay be controlledby a secondaryphase such as

tyuyamunite(Ca(UOz)z(VOd)z)or carnotite (Kz(UOZ)Z(VOO)2),both of which are

more stable than schoepite (Eriksonet al. 1989). control of U by these

.~haseswas not modeled becal:sewe did no: have the required thermodynamic

data. If tyuyamunitearia/orcarnotite form in soils as DU dissolves,only

small-amountsof U (10-8M or less)would be in solution. These mineralswere

not found in the soils from APG or YPG, but chemicalconditionsare favorable

for their formationin APG soils. A source of V (vanadium)is required to

form tyuyamunite and carnotite, but Griffen et al. (1989) suggest that

relativelylarge natural V concentrationsare fountiin ChesapeakeBay area

soils. Concentrationsof V large enough to suggest the formation of

tyuyamuniteare also expected in groundwaterfrom western states as a result

of contactbetweengroundwaterand rocks that containtrace amountsof V.

In environmentsof low oxidationpotential (low Eh),DU is oxidizedto

secondary phases such as uraninite (U02), and total U in solution is

considerablylower than U in higher Eh systemsdue to the increasedstability

of uraninite. Data of Eriksonet al. (1989)and Langmuir (1978)show the low

volubilityof uraninite relative to tyuyamunite (Figure 10), demonstrating

that total U in solutionis severalorders of magnitudelower in systemswith

lower oxidationpotential. Low oxidationpotentialis achievedin soils when

sufficientorganicmatter exists to stimulatemicrobialmetabolism,when water

tables rise and remain high for part of a year or a season, or when

significantconcentrationsof reduced state minerals (e.g., FeC03) exist.

Organicmatter acts as a sourceof chemicalenergy for microbes,and oxidation
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of organicmatter releaseselectronsto the system. Oxygen (Oz(g))is used by

microorganismsduring respirationand metabolismof organic matter and thus

ceases to be the acceptor of electronsas the microbialactivity continues.

As a result, trace metals are reducedas they accept electrons. Rising water

tables also deplete 02(g), and electronsreleasedduring microbial oxidation

of organic matter again are accepted by trace metals. For example, an

elevatedwater table in the springdue to runoffcould reduceMn(IV) minerals

to Mn(II) mineralsas the Mn(IV) mineralsaccept electronsfrom the microbial

oxidationof organicmatter. Later,Mn(II) mineralsbecome unstablewhen the

water table falls and the system re-oxygenatesand sc,lidMn(IV) concretions

form. Evidencefor this cycle was found in the soil profilasat APG. Pres-

ence of reduced minerals (e.g., FeS2 or FeC03) may also poise or control a

system at low oxidationpotentialas these minerals weatl-,erto more stable

minerals. The oxidationof H2S to S042-could keep the oxidaticnpotentialat

low Eh in swampy areas and also decreasethe soiubilityof DU in these areas.

Direct measurementof soil Eh is of arguablevalue because Eh is related to

specificreactions. The soil profiles,however: showed the formationof Mn

oxide concretionsand gray areas or mottlesthat indicatealternatinghigh and

low oxidationpotentialat differenttimes of the year. Thus, Eh varies with

time at APG and reducingenvironmentscan be expectedduringpart of the year.

The results of the U volubilitycalculationsin this report and volubility

data presented elsewhere [e.g., Langmuir (1978)]will be used in transport

calculationsto show possibleeffectsof U movementthroughtime and space.

The chemicalequilibriumcalculationssuggestthat DU could dissolveand

form secondary solid minerals (e.g., schoepite)as well as soluble species.

The amount of U in solutionand the kind of solid phases formed depend on the

environment. Low Eh due to high groundwaterlevel and/or increasedmicrobial

activity in soils could keep solubleU concentrationlow. Higher Eh due to

presenceof large concentrationsof DO would chanUe the kinds of solid phases

that could form and increasethe U concentrationconsiderably. The chemical

equilibriumcalculationsnot only suggest the U concentrationsin solutions

and the type of secondary solid phases that could form, but also show the

influenceof the environmenton DU transformationof other solids and soluble

species.
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B. Tr&iZZSDOrt CalcLllations

Transportof constituentsin saturated,porous media such as SOilS can

be modeled using relatively simple computer codes. The equation for one-

dimensionaltransportis given by van Genuchtenand Alves (1992)and Javandel

et al. (1984):

azc ac ac
D —- v—- J- R—

ax2 at at
(1)

where D is the dispersi~-ity(mZ/d),

is the water flow velocity through

concentrationof U (M), J is a

which was arbitrarilytaken as 10 r#\d,v

the soil (m/d) and was set at 1 m/d, C is

term that accounts for precipitationor

radioactivedecay of the material,R is the retardationfactor,t is time (d),

and x is distance(m) from the input location.

The model was used to estimatethe change in U concentrationwith time

at an arbitrarydistance of 100 m when D - 10 m2/d, v = 1 m/d, and J - 0.

Initial U concentrationwas set at 1O-a M to represent the background U

concentration. The input U concentrationwas 0.1 M and was injected as a

“slug”,that is, the U entered the soil over a short time and was transported

accordingly. The retardationfactor,R, was varied so that the ef~ects of R

on transportcould be observed. Values of R > 1 indicatethat the transport

of solutes is retardedwith respectto the water velocitybenause of sorption

or other processes,but does not indicatewhat processes were responsible.

Thus, large \’aluesof R increasethe time for U to travel a given distance.

The computer program LINDSOL was developed from a solution to Equation (1)

given by van Genuchtenand Alves (1982)and was

this report. Calculationsof U concentrationat

Resultsof the calculationsof U transport

used for the calculationsin

100 m over 1000 d were made.

are shown in Figure 11. The

U concentrationvs. time at an arbitrarydistanceof 100 m from the U source

is plottedfor R - 1, 10,and 100. This range of R was selectedbecause the R

for APG and YPG soils is not known, so a range of conservativevalues was

selected. Also, data of Hsi and Langmuir (1985)suggestthat R for Fe oxides

is >100, so the range of R in these calculationsprobably overestimatesthe
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travel time through the soils of interestbecause APG and YPG soils had iron

oxidespresent,possiblyin large amounts.

For 0,1 M U inputover one day and R - 1 (i.e.,U moves at the same rate

as water), Figure 11 shows that the maximum U concentrationat 100 m is

observedless than 60 d after injection. Thus, U travels from the injection

point to the observation point quickly, then decreases to background U

concentrationwithin about 700 days. The same calculation when R - 10

predictstnat the peakU concentrationwill occur at about 600 d. At R- 100,

no change in U concentrationat 100 m was observedafter 1000 d and levelsdid

not reach a maximumuntil 10,000d (27 years). The influenceof the value for

the retardation factor (R) on transport of uranium dictates that good

estimates of retardation,as well as other terms in Equation 1, must be

availableto reliablypredictsubsurfacetransportof U from DU penetrators.

c. U in Soils and Water at Los Alamos

While this report presents the results of Phase I samplingat APG and

YPG, pertinent work on U in soils and water has been done at “LosAlamos

National Laboratory since about 1974 (Hanson 1974; Hanson and Micra 1976,

1977, 1978;White et al. 1979;White et al. 1980). Elevatedconcentrationsof

U from DU in soils and water were measured,the result of about 40 years of

dynamic testing activities. Hanson

distribution of DU at the dynamic

subsurface deposition of DU during

(1985,unpublished data) show that

and Micra (1976) suggest that vertical

testing sites is due to erosion or

explosive testing. Rodgers and Cokal

the soluble U concentrationin soils

increasedsignificantly

and uptake of soluble

concentratingmechanism

1978).

as a resultof snowmeltinfiltratinginto These soils,

U by the native plants is suggested as a possible

of U in plants and mammals (Hansonand Micra, 1977,

Hanson et al. (1974)and work of Rodgers and Cokal (1985,unpublished

data) show that the particle size distribution-of DU fragments dispersed

during dynamic testing activitiesvaries considerably. These data suggest

that similar considerationsare important to assess the volubility of DU

particlesin soils and water as well as the erodibilityof the DU from impact

areas. The former considerationwill be importantat APG whereas the latter

12



will be importantto the determinationof amount and distribution~f DU that

can be erodedat YPG.

White et al. (1979) reportedthe developmentof a sensitive,portable

detector for U analysis in the field. This detector can be carried in a

backpack, and could prove extremelyuseful for assessing DU in soils over

large areas where collectionand analysisof largenumbersof soil samples is

impracticaland/ornot economical. For example,this detectorcouldbe useful

in determiningU in the sedimentsof the dry wash that drains the impact area

at YPG sampledin Phase 1.

While not entirelyanalogousto the APG

Los Alamos show that solubleU transportand

importantto DU redistributionin semiaridclimates..

and YPG DU study, the studiesat

transportby erosionare factors

v. CONCLUSIONS

A. APG Samples

Resultsof field samplingin Phase I show that up to 12% by weight of U

from DU penetrators was found in soils immediately below two distinct

penetratorimpacts. The U concentrationin profileAS-3 decreasedwith depth,

but was significantlyabove backgroundand retainedthe DU isotopicsignature

at 15-20 cm depth. Results based on tileselimited data suggest that U

dissolvesfrom DU penetratorsand moves through the soil in associationwith

water. Water samples from the B-3 range and surrounding areas had U

concentrationsbelow the analyticaldetection limit (1 ppb) and yielded no

the isotoperatio of U. Particles>0.45-pmthat were filtered

sampled on the B-3 range containedelevatedU concentrations

informationoil

from the water

compared to the water samples from surface water sources away from the B-3

range. The lack of isotopicdata, however, precludes attributionof the U

from the B-3 water samples to DU. U concentrationsin bottom sedimentswere

at background,but isotopicratios“suggestthat the U was from DU penetrators

in samplesfrom the B-3 range (AD-1,AD-4) or that drained the B-3 range (AD-

3). The control sedimentsamplehad only backgroundU concentrationand an

isotoperatio indicativeof naturalU. Our limitedsamplingat A?G suggests

that solution transportof U is possible and may predominateover erosional

transport.

. 13



B, YPG Samples

Maximum U in YPG soils was about 0.5% by weight immediatelybelow a

penetratorfragment,and decreased to backgroundlevels between 8 and 20 cm

below the soil surface. The U in the lowest horizon of the profile on the

Kofa Range (YS-3)was due only to naturalU, not U from DU penetrators. This

resultsuggeststhat transportof U via solutionis of lower magnitudeat YPG

because of the dry conditions. Soil samples in the wash that drained the

impact area showed U concentrationssignificantlyhigher than background

levelsand isotopicratios indicativeof U from penetrators. U concentrations

in charmel sedimentsdecreasedonly slightlywith depth, possibly reflecting

the tur>ulentmixing of sedimentsthat occurs during storm runoff events in

the southwesternUnited States. Erosion of soil and sedimentsis likely an

importarotfactor in the transport of U at YPG, Transport via solution,

however,has not been adequatelyevaluated,particularlyfor long time scales.

c. Ch~micalModeling

Results of the chemical equilibrium calculations indicate that DU

exposed to APG and YPG waters is soluble and could oxidize to more stable

phases over time, but the solubleU concentrationand the solid phases that

form depend on the chemicalenvironment. Total U in solutionis low (10-12M)

in systems with low Eh (low oxidizingpotential) due to the stability of

uraninite(U02)or other U(IV) solids. U concentrationis higher (10-8-10-5M)

in systems with higher Eh (higher oxidationpotential)because U(VI) phases

(e.g., tyuyamunite,schoepite)are more soluble. Modeling results show that

significantU transportby solutioncould occur at APG and YPG under certain

conditions. Data on Eh of the soils at APG and YPG are requiredto provide a

better assessmentof the potentialfor chemicaltransport.

D. TransDortCalcu~ations

One-dimensionalcalculationsof U transport through soils shows the

importanceof the retardationfactor, R, on U transport. The calculations

were made largelywith assumedvalues of key parameters,emphasizingthe need

to quantify these parametersin future studies. The calculationsshow that

large retardationfactorscould increasethe time oi U transportover a 100 m

14



distanceto hundredsof years,but small retardationfactorsresult in largeU

concentrationsafter only a few days.

E. Recommendationsfor FurtherStudv

The limited data and results from Phase I sampling suggest that the

factors involved in the distributionand transportof U at APG and YPG are

significantlydifferent. Assessment of the potential impact of U on the

environmentat APG and YPG, as well as possibleremediationoptions,dependon

accuratelyunderstandingthe factorsthat influencechemicaldistributionand

transportat both locations.

At APG, the limiteddata suggestthat chemicaldistributionof U from DU

penetratorsis the major means of U transport. Furtherstudieswill address

the dissolution of DU penetrators and subsequent redistributiondue to

movement of soluble species with water. In addition,formationof solid U

phases (e,.g., schoepite) in soils will be examined more closely as will

factorsof organicU complexesthat could influencethe movementof U and the

role of adsorption of U onto different minerals in the APG soils. This

informationwill lead to a better assessmentof the subsurfacemigrationwhen

coupledwith the hydogeologicinformationthat will be availablethrough the

environmentalmonitoring program (Price, 1989). Ultimately, chemical and

hydrogeologicinformationwill be used to predictthe potentialredistribution

of U in soils,groundwater,and surfacewater at APG.

The Phase I data show that the chemicaldistributionof U at YPG may not

be as importantas at APG because of the dry conditionsat YPG. Surface

transportof U, however,is an importantfactorat YPG, and those factorsthat

influencethe amount of U that could be transportedaway from the impactarea

will be studied in more detail. Factors such as the particle size

distributionof the U on the surface of the impact area and the amount and

particle size distribution of U eroding off the impact area will be

investigated,as will the vertical and horizontaldistributionof U in the

wash that drains the impact area. Chemical redistributionat YPG will be

consideredeven though the effects are probably small. This effort will

estimatethe amountof U that couldbe in soil solutionand a potentialimpact

on the YPG environment.

15



Furtherstudy at APG and YPG may indicatethat remediationof either or

both sites is required to maintain compliancewith differe~.tenvironmental

regulations. Severalremediationoptions (e.g.,Nyhan 1989) can be considered

at the appropriatetime and can be designedto decreaseU redistributionat

either site. Possible remediation,however, will be consideredonly after

adequateinformationfrom APG and YPG has been obtainedand predictionsabout

U transportand redistributionhave been made.
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Table1, Descriptionof samplescollectedfromAPF andYPGby LosAlamos
NationalLaboratoryin May and June, 1989.

APG (see Fimres 2A and 2B)

Soil

AS-1 Backgroundsamplelocatedin”forestjustnorthof 4-kmtargeton
range B-3.

AS-2 About 5.4 km from gun positionson range B-3; AS-2 penetrator
buriedverticallyO-lG cm from surface;

AS-3 Penetratorlyinghorizontallyon surface

Water

AW-1 MosquitoCreek near 4 km targeton range B-3

AW-2 Romney Creek near drop towerentranceon !4ichaelsvilleRoad
(backgroundsample)

AW-3 Near mouth of MosquitoCreek into ChesapeakeBay (brackish)

AW-4 Small pond 5.4 km from gun positionon range B-3

Sediment

AD-1 Same as AW-1

AD-2 Same as AW-2

AD-3 Sameas AW-3

AD-4 Same as AW-4

Yuma (see Fimre 31

Soil

YS-1 North of Kofa firingrange on MortarRange Road about 3 km east of
GP20 (backgroundsample)

YS-2 Streamchannelsedimenttaken 30 mwest of impactarea located4
km east of GP 20

YS-3 Impactarea 4 km east of GP 20 (penetratorimpactarea)

Water

YW-2 Collectedfrom well H

Sediments
None collected

33
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Table 2. Resultsof chemicalanalysesof waters from YPG (sampleYW-2) and
APG (samplesAU-I - AU-4). Units are mg/L, and uncertaintyis within
10% unless indicatedin parentheses.

Element YW-2 AU-1 AU-2

Mg

Ca

Na

K

Al

Si
Fe

cl

F

N03-N

P04-P

S04

Alk.a

pH

~ob

TOCC

‘total
235u/238u

oo~

23.0

350.0

5.0

<0.07

20.0

0.06

694.0

9.2

0.7

0.2 (0.2)

369.0

1.4X1O-3

8.13

4.55

24

<d.l.d

---e

2.0

4.0

6.0

0.4

<0,07

9.0

0.4

3.9

<0.2

<0.2

<0.2

4.5

4.2x10-4

6.37

5.0

7

<d.1.

..-

2.0

5.0

2.0

0.4

<0.07

0.7

3.0

2.1

<0.2

0.4

<0.2

2.8

2.4x10-4

6.17

2.1

20

<d.1.

---

a Total alkalinity,meq/ml,by titration.
b DissolvedOxygen,mg/1.
c Total OrganicCarbon.
d Detectionlimitwas 1.0 x 10-3
e No U235presentin samples.

34

AU-3 AU-4

7.0

11,0

30.0

3.0

<0.07

2.0

0.3

44.5

<0.2

<0.2

<0.2

32,8

5.6x10-4

7.04

5.9

17

<d.1.

-..

—

0.8

2.0

2.0

3.0

0.4

0.5

1.0

2.5

<0.2

<0.2

<0.2

8.0

<10-6

5.12

3.3

14

<d.1.

---



Table 3. Total uraniumfrom filtersused to filterwatex
samples,units are ng U/L water filtered.

‘-------uT~t~l ------- -
0.45 pm 0.05 pm

SamDle filter filter

W-2 38 14

AW-1 270 14

AW-2 59 11

AW-3 48 10

AW-4 355 35
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Table4, Tot?luraniumandisotopedatafromAPG soils
was the control (background)sampleat the 4000 m
penetratorfragmentburiedverticallyin the soil

andsediments,AS-I
target,AS-2 was from
approximately1500 m

from the 4000 ~ target,and AS-3 was-frompenetrator-impacton-the soil
surfaceapproximately20 m from AS-2, AD-I - AD-4 correspondto
locationsof water samples. Units are pg-U/g-soil,values are means of
triplicatemeasurements,and values in parenthesesare standard
deviationsof the means.

Sample

AS-1A

A3-IB

AS-lC

As-2A

AS-3.\

AS-3B

AS-3C

AS-3D

AD-1

AD-2

AD-3

AD-4

Depth (cm) uTotal

o-5 6.3 (1.3)

5-15 2.5 (0.8)

15-23 3.4 (0.9)

o-lob 38,000 (5000)

o-5 115,000(12,000)

5-1o 63,000 (8,300)

10-15 220 (30)

15-20 31 (15)

N/Ac 2.3 (0.7)

N/A 4.4 (2)

N/A <1

N/A <1

235u,238ua

0.0053

0.0073

0.0029

0.0019

0.0022

0.0022

0.0020

0.0021

0.0036

0.0073

0.0027

0.0048

a zsSU/zs~> 0.0065 indicatesnaturalU, <0.0065indicatesU from DU.
b Singleintegratedsamplefrom O to 10 cm.
c Not applicable;samplescollectedfrom top of sediment.



Table 5. Total uraniumand isotopedata from YPG soils. YS-1 was control
(background)sample,YS-2 was in wash adjacentto impactarea, and YS-3
was in impactarea. Units are pg-U/g-soil,values are means of
triplicatemeasurements,and standarddeviationsof the means are
reportedin parentheses.

Sample Depth(cm)

YS-M 3-20

YS-lB 20 60

Ys-lc 60-90

YS-lD 90 +

YS-2A 0-20

YS-2B 20-30

YS-3A Surface

YS-3B 1-8

YS-3C 8-20

uT~t~l 235u,238u a

2.8 (0.3)

3.5 (1.1)

2,3 (0.3)

1.8 (0.4)

310 (27)

197 (6)

4230 (320)

121 (38)

2.8 (0.3)

0,0076

0.0078

0,0072

0.0075

0.0019

0.0021

0.0023

0.0020

0.0071

a 23~/z38U> 0.0065indicatesnaturalU, <0.0065indicatesU from
DU.
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